SUMMARY Amplitude/frequency characteristics of postural hand tremor in 59 patients with bilateral essential tremor of various degrees of severity were assessed using accelerometric recordings and spectral analysis. Intra-subject comparisons of tremor characteristics between the more and less affected hands were used to control for variability of tremor due to age factors and intersubject differences in amplitude and frequency. Statistical analysis distinguished three different patient groups. Some patients had low amplitude ( < 0 1-001 5 cm) tremor in the less affected limb (which tended to be 7 Hz or more in frequency in the young) and a larger amplitude tremor in the more affected hand which was 1 Hz or more lower in frequency. Other subjects had either bilaterally small or bilaterally large amplitude tremors of similar frequencies. These findings imply that there is a downwards step in frequency between symptomatic tremors of small and large amplitude. The amplitude and frequency of the small amplitude tremors were unrelated but frequency declined with age. The frequency of the large amplitude tremor was generally determined by amplitude but a wide range of amplitudes were compatible with similar frequencies. The frequency of large amplitude tremor also declined with age. It was concluded that there are two types of essential tremor, the smaller amplitude tremor probably derives from an exaggeration of some or all of the mechanisms of normal physiological tremor whereas the larger amplitude tremor probably arises from a separate "pathological" central nervous mechanism. It is not known if or how one may transform into, or be replaced by, the other during progression of the disease.
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Tremor of the hands is the most frequent symptom in benign essential tremor (ET), a common disorder of unknown aetiology and sporadic or familal occur- rence.' The tremor, at onset, may be unilateral, but almost invariably the tremor becomes bilateral and often other body parts become involved during the progression of the disorder. Although the tremor may be present both on posture and through movement, usually it has been characterised by measurement of the postural component present when the hand is 562 chronous modulation of motor unit spike trains which is minimally present in normal individuals, but is clearly developed in patients with mild ET, and oscillates at a frequency of 8 to 12Hz. More severe essential tremor is of a lower frequency (4 to 8 Hz) and also dependent upon a central oscillator. As both mild and severe ET can occur in the same family it is inferred that the mechanism is the same for both and that, with progression of the disorder, the frequency of the oscillator decreases. In contrast, Marsden et al,6 on the basis of the behavioural characteristics of individual tremors, attribute ET to at least two different tremor mechanisms. Type I is behaviourally indistinguishable from enhanced physiological tremor, has a frequency of 8 to 12 Hz and is due to increased gain of the stretch reflex. Type II ET is of lower frequency (5 to 7 Hz), of larger amplitude, and dependent upon oscillation from within the central nervous system. Unlike type I, type II is resistant to being driven by an external input to the stretch reflex.
So far there have been no longitudinal, prospective studies of the population characteristics of ET which have followed the course of the disease in individual patients to show how the tremor changes with age and severity which might indicate the mechanism(s) involved. An alternative approach, which we have used in this study, is to make intra-subject comparisons of the tremors in the two hands of patients who have bilateral tremor of various degrees of severity. In this way, each subject acts as a control for age and the comparison of the amplitude/frequency relationships in the more and less affected hand should reveal whether or not there is a continuous linear relationship between frequency and amplitude. A continuous proportionality would suggest a unitary tremor mechanism whereas any discontinuity of the linear relationship would favour a plurality of mechanisms.
Methods

Patients
Fifty-nine patients with mild to severe ET in both hands (44 male and 15 female), aged between 16 and 82 years (median 59 years) who were attending the out patient clinics at the National Hospital for Nervous Diseases, Queen Square, were studied. All patients had been symptomatic in both hands for at least one year prior to the study (median duration of tremor on the more involved hand: 9 years, range 1-70 years). In 24 patients there was a family history of tremor affecting the hands and/or the head. Fourteen patients who were taking beta-adrenoceptor antagonists or other drugs for tremor at the time of the study, had their treatment discontinued for at least 2 weeks prior to assessment.
Protocol
The patients were asked to abstain from taking alcohol and Tremor analysis Analysis was performed off-line using a Hewlett-Packard 5420 A signal analyser. The programme averaged 150 spectra with a bandwidth of DC to 25 Hz and frequency resolution of 0-096 Hz, each derived from overlapping 10-24 second samples of tremor. Fifty samples were taken from the beginning of each of the three separate recordings and approximately 45 seconds of tremor contributed to the analysis of each condition. The average spectrum was displayed for measurement as the root mean squared (rms) magnitude of the frequency components plotted as a function of the frequency. For a simple characterisation of the tremor, measurements were taken of the frequency (Hz) of the dominant peak and of its magnitude scaled in rms acceleration, the unit of acceleration being taken as I g (g = 981 cm/s2). The conversion from tremor magnitude of acceleration (expressed in milli-g) to actual tremor amplitude (expressed as cm hand displacement) was calculated by using the formula: amplitude of displacement = (acceleration x 981/4ir2 x frequency2) cm rms.
In order to elucidate the mechanisms of tremors of apparently similar frequencies, the coherence function was calculated from the 150 individual spectra as a measure of the degree of causal relationship between the tremor of the two hands at their respective dominant peak frequency.7 The coherence takes a value from 0 to 1, where zero indicates that the two tremor signals are totally unrelated and 1 indicates that the signals are totally causally related, that is, one signal can be considered to be driven entirely from the other or that both derive from a common origin. Figure 1 shows an example of spectra of the tremors of the hands and of their relative coherence in a patient included in the study.
Statistical analysis
Since tremor amplitude showed a skew distribution, log transformation was made to normalise these data. Pearson's correlation coefficient was used to evaluate the relationship between the continuous variables, that is, dominant peak frequency and amplitude of tremor, age of the patients, age at the onset and duration of the disorder and to compute the relationship between the difference in peak frequency and Table 1 shows the mean amplitude and peak frequency of tremor in the two hands, the coherence at the dominant peak frequency of each hand (calculated in 46 patients) and the mean difference in tremor amplitude (Aa) and in peak frequency (Af) between the two hands in the patients studied. The distributions of the dominant peak frequency with respect to log amplitude displacement of tremor in the more and in the less affected hands are shown in figs 2 and 3 respectively.
The relationships between tremor characteristics (frequency/amplitude of more/less affected hand) and patient's characteristics (age, age at onset and (see table 3 ). Following this procedure a statistically significant discrimination of three subgroups was shown when cut-off values between 0-01 and 0-015cm hand displacement amplitude were chosen (p < 0-005). These subgroups were: group I (n = 20), patients with tremor amplitude in both hands smaller than 001-0015 cm; group 2 (n = 14), patients in whom the tremor in one 'hand only was less than 00 1-0015 cm; group 3 (n = 25), patients with tremor in both hands greater than 001-O0-l 5cm. Amplitude/frequency characteristics
In group 1 and in group 3, the difference in frequency between the right and the left hands was small. The mean difference in tremor peak frequency (less affected-more affected hand, mAf) was -009 Hz in group I and 0-35 Hz in group 3, the latter having a mean difference in tremor amplitude (more affected-less affected hand mAa) about 70-fold greater than the former (0 148cm in group 3 and 0-002 in group 1). In group 1 amplitude and peak frequency of tremor were not correlated in either hand, whereas a significant negative correlation between the two variables was found in both hands in group 3 (r = -0-47, p < 0 005 in the more involved and r = 0 46, p < 0 005 in the less involved hand). Neither in group 1 nor in group 3 were amplitudes and frequency between the two hands significantly correlated. In contrast, patients whose tremor amplitude exceeds 0-01-0-0 15 cm hand displacement in the more but not in the less affected hand (group 2, n = 14) present with features different from the two others. In this group the mean difference in peak frequency of tremor between the two hands was significantly greater than in the others (mean f 1 1 Hz, p < 0-005).
This indicates a downward "jump" of the peak frequency of tremor in the more involved hand as compared to the contralateral, despite the mean difference in tremor amplitude between the two hands being of intermediate size, that is, about 3-5 times smaller than in group 3 (mean Aa = 0-042). A significant positive relationship between Aa and Af (r = 0 7, p < 0-01) was found in this group of patients in which the amplitude and peak frequency of tremor were negatively correlated only in the more involved hand (r = -0-69, p < 0-01).
In table 3 the mean dominant peak frequency and amplitude of tremor in the three subgroups of patients, the coherence between the tremors of the two hands, the mean age of the patients and the mean duration of tremor in each group is shown.
Relationship with age and duration ofsymptoms In group 1, for either hand, the dominant peak frequency of tremor was negatively correlated with the age of the patients (r = -0-45, p < 0-02 on the more involved and r = -0-37, p < 0-05 in the less involved hand). There was no correlation between age of patient and amplitude of tremor in either hand. The duration of the disorder was negatively correlated with peak frequency of tremor only in the less affected hand (r = -0-38, p < 0-05) and it was positively correlated with tremor amplitude both in the more and the less involved hand (r = 0 44, p < 0-02 and r = 0-46, p < 0-01 respectively).
In group 2 there was a negative correlation between the age of the patients and peak frequency of tremor only in the less affected hand (r = -0-56, p < 0 045). Patient's age was not significantly correlated with amplitude of tremor in either hand. There was no significant correlation between duration of tremor and frequency or amplitude of tremor for either hand.
In group 3 age of patients and peak frequency of tremor were negatively correlated only in the more affected hand (r = -0-47, p < 0-01). Only in the more affected hand was there a positive relationship between age of the patients and amplitude of tremor (r = 0 32, p < 005). Duration of tremor was not correlated with either frequency or amplitude in either hand.
Discussion
The findings of this study reveal a complex relationship between tremor amplitude, frequency and patient age within individual subjects with ET of differing degrees of severity.
In patients with mild ET (group I of our statistical analysis) that is, with tremor amplitude not exceeding 001-0-01 5 cm hand displacement bilaterally, there was no significant difference in the distribution of frequency of tremors in the right and left hands. The amplitude of tremor was unrelated to frequency, indiFrequencylamplitude characteristics ofpostural tremor 565 566 cating that they are independent variables. Since in these patients there was a significant negative relationship between age and peak frequency of tremor, it seems that age-related factors affecting the mechanisms of the tremor are the main determinants of the dominant peak frequency of mild ET. A similar negative correlation between age and peak frequency of tremor has been observed for physiological tremor. 8 In patients belonging to group 2 (tremor amplitude larger than 001 -0-015 cm in one hand only), the tremor of the more affected hand is I Hz lower in frequency, on average, than the tremor of the less involved hand. In these patients a significant negative relationship between amplitude and frequency of tremor was found in the more affected hand. This indicates that 001-0015 cm amplitude hand displacement is a critical threshold, above which frequency and amplitude become interdependent in an inverse relationship. This phenomenon has been observed to occur irrespective of the age of the patient or of the peak frequency of tremor in the less involved hand. Therefore, for more severe ET, tremor frequency is more closely related to tremor amplitude than to the patient's age. This finding is in agreement with Elbles who reported that in advanced ET patients "log amplitude alone accounted for 74% of total frequency variance, whereas age accounted for an additional 6%".
In group 3 (tremor amplitude in both hands exceeding 0 01-0 05 cm) a trend is shown for peak frequency of tremor to become bilaterally similar although a wide variety of amplitudes of tremor may be found at the same or similar frequencies; thus low frequencies of tremor are compatible with a wide range of tremor amplitudes. This is indirectly supported by the finding that tremorolytic agents (propranolol and primidone), markedly decrease tremor amplitude without affecting peak frequency. In this group, amplitude and peak frequency of tremor are still closely correlated variables, but, in the most severe tremor, patient's age is reestablished as a determining factor of tremor frequency.
The findings in our patients, who represent different stages of ET from mild to severe, relate to current concepts of classification and mechanism in the following way.
Firstly there is "mild" tremor, which in our patients, had an amplitude up to 0-01-0 015 cm hand displacement. The frequency of this tremor is related to age, as with physiological tremor, and in patients with unilateral symptomatic "mild" tremor has a similar frequency to the physiological tremor in the unaffected hand (data not included in the study). For these reasons the tremor would seem to be derived from mechanisms of normal physiological tremor.
Calzetti, Barrati, Gresty, Findley The mechanisms contributing in various proportions to physiological tremor include underdamped limb mechanics and the stretch reflexes, and a tendency for motor unit firing to become synchronised at a discharge rate of about 8 to 12Hz.5 Tremor due to enhanced gain in the peripheral stretch reflex corresponds to type I ET of Marsden et al6 "benign exaggerated physiological tremor" and is responsive to beta-adrenoreceptor blockade. However, the small amplitude ET in our patients was poorly responsive to acute and sustained administration of propranolol49 and has been termed "primary", spontaneously occurring, exaggerated physiological tremor9 in order to distinguish it from the "secondary" enhance,d physiological tremors arising from anxiety stress and beta-adrenergic stimulation. Thus, to retain the classification of Marsden and colleagues, type I ET must be subdivided according to whichever enhanced physiological mechanism is predominantly responsible for the tremor.
If tremor amplitude in the more involved hand is greater than 00 1-0 015 cm hand displacement then it is 1 1 Hz, on average, lower in frequency than the small amplitude tremor of the less involved hand. The larger amplitude tremor is probably generated by a separate central mechanism. This threshold of tremor amplitude could be assumed as the "break-point" between the type I and type II ET. With further bilateral increase in tremor amplitude the frequencies of tremor on both sides are similar and are down to the lowest values of frequency encountered clinically.
If familial and sporadic ET are expressions of the same disorder then the results of this study are in agreement with the views of Marsden et al6 and contrast with those of Elble5 who claims a continuity between physiological and essential tremor, a component of the former being a forme frustre of the latter. According to Elble, "familial" ET commences with a high frequency tremor (8) (9) (10) (11) (12) Hz physiological tremor) which gradually decreases in frequency (down to 5-7 Hz), increasing with amplitude, with the progression of the disease. In this scheme there is apparently no obvious "break" in frequency/amplitude characteristic which would suggest the involvement of different types of tremor mechanisms.
The lack of significant degree of coherence between the tremors of the two hands in the patients with ET confirms a previous report.'0 In most patients there was no significant coherence at the peak frequency of the tremor of either the more or the less involved hand and, in this respect, there were no significant differences between the three subgroups. However, in seven patients there was a significant coherence (> 0-6 on 150 averages) that was due to passive transmission of tremor from side to side. Passive transmission was Frequency/amplitude characteristics ofpostural tremor closely related to tremor amplitude and occurred more frequently with larger tremors (1/13, group 1; 3/9, group 2; 3/24, group 3). In four patients, showing similar peak frequency and amplitude of tremor in both hands separately, the coherence at the mutual tremor frequency for both hands raised, ranged between 0-4 and 0-8, suggesting that in some patients the tremors of the right and left hands may be very closely related, possibly sharing a common tremorogenic mechanism or, alternatively that the mechanism of tremor in one hand is somehow driven by the mechanism of tremor in the other hand.
Conclusions
The results of this study show that age-related factors represent the main determinants of the dominant peak frequency of ET in patients with mild degree of severity of the disorder, and at this stage it may be regarded as a "spontaneously" or "primary" exaggerated form of physiological tremor which arises from a variety of intrinsic central nervous and peripheral neuromuscular factors. Above the limit of tremor amplitude of 0 01-0-015 cm hand displacement the two main tremor variables, that is, amplitude and dominant peak frequency, become mutually interdependent and the peak frequency of the tremor becomes only secondarily dependent on age related factors. The higher amplitude tremor is probably largely determined by central nervous mechanisms. These two forms of tremor, respectively, mild and more severe, may represent stages of the progression of the disease but there is, as yet, no evidence that the tremor in patients changes from one type to the other.
